The high mortality rate in developing countries stemming from poverty and diseases, and the pressure on healthcare budgets in developed countries have evoked a major concern in healthcare delivery. The need for less costly and patientcentered healthcare delivery brings point-of-care (POC) testing to the fore. POC devices help to eliminate the overhead associated with centralized bench-top laboratory instruments. Although handheld devices such as glucose biosensor strip exist, POC devices for molecular techniques such as Polymerase Chain Reaction (PCR) are new and emerging. PCR makes it possible to replicate DNA and generate millions of copies from a single strand. This finds applications in the medical field to identify and detect infectious diseases. Conventional PCR equipment is expensive and requires a significant amount of personnel time and space to setup and run in the laboratory. We have recently demonstrated a rapid and low-cost PCR thermocycler based on laser heating of gold nanoparticles suspended in the PCR tube. A critical aspect of PCR systems is the need to detect amplified products in real time. Here we show that by measuring the optical absorption of the suspended gold nanoparticles at a single wavelength during thermocycling, it is possible to detect amplified PCR products in real time. We investigate several different signal processing approaches in order to determine the most sensitive monitoring technique. This method makes it possible to distinguish between negative and positive PCRs with starting copy numbers as low as 10,000 genome copies per microliter.
INTRODUCTION
Developing countries face many challenges, not the least of which is the inability to obtain fast and reliable diagnoses of diseases in the field. Most of the few available diagnostic instruments require complex infrastructure, high and stable source of power, highly trained personnel and prohibitive cost of maintenance which are limited in these countries. These factors make it very expensive and difficult to diagnose diseases. Most of these diseases, although preventable and/or treatable, have resulted in needless loss of lives. This underscores the growing need for improved diagnostic instruments.
Polymerase chain reaction (PCR) has been shown to be more reliable and effective in the detection of diseases compared to most diagnostic techniques. 1, 2 PCR is a technique used in the amplification and replication of DNA sequence. It requires thermocycling at specific temperatures over a period of time. Thermocyclers are used to heat and cool PCR reaction mixture to the different temperatures required for each stage of the reaction. Since its invention in 1983 by Kary Banks Mullis, 3 many PCR machines have been developed for both commercial and laboratory use. Applied Biosystems developed the first commercial real-time thermocyclers, while the LightCycler originally developed by Idaho Technologies is distributed by Roche Diagnostics. 4 The need for faster PCR machines led several researchers to develop different thermocycling techniques. For example, a group of researchers developed a thermocycler that requires the injection of hot and cold liquid through a porous flow cell for thermocycling. 5 Another group developed a PCR system that requires actuation of a stepper motor for thermocycling. 6 Notwithstanding, most of these PCR systems suffer major drawbacks including, non-scalability of platform and poor heat management. 7 Moreover, they are expensive and require a significant amount of personnel time and space to setup and run in the laboratory.
While many commercially available PCR systems use Peltier heating blocks for thermocycling, the nascent plasmonicbased PCR system uses the plasmonic properties of nanoparticles as nano-heaters when a laser light is applied. 7, 8 Moreover, plasmonic PCR system can be employed to analyze DNA and identify diseases in real-time incredibly quickly. Apart from diagnostic medicine, plasmonic PCR has the potential to further revolutionized scientific research and enable many specialized applications including genetic research, forensic science, and environmental microbiology.
Researchers have shown that the emerging field of plasmonics which makes strong intrinsic confinement of electromagnetic wave possible even at subwavelength scale has the potential to bridge the gap between affordable and efficient point-of-care PCR device capable of diagnosing diseases like Ebola and HIV/AIDS in real-time and would make it available to everyone, regardless of income level. For example, the research group that first demonstrated plasmonic thermocycler used gold nanoparticles within a PCR reaction to generate heat for the amplification of human androgen receptor DNA. 8 Following its introduction, other groups have developed PCR platforms using the principle of plasmonics. A group demonstrated an efficient ultrafast photonic PCR method using plasmonic photothermal light-to-heat conversion. 9 Another group developed a plasmonic photothermal method for labeled quantitative real-time PCR, using gold bipyramids and light for ultrafast thermocycling. 10 Plasmonic thermocycling which involves the use of nanoparticles as photothermal heaters has the potential to mediate the shortcomings of conventional PCR machines especially as it concerns the heating efficiency. Moreover, the nanoparticles which serve as nano-heaters can also be used simultaneously as sensors for detection of PCR products in real-time. By exploiting these properties, we have demonstrated a low cost and simple label-free plasmonic photodetection of PCR products using a simple probe laser.
Instrument Design Layout
Our real-time quantitative plasmonic PCR (or plasmonic qPCR) instrument consists of three main components: thermocycling, detection and control. The thermocycling part exploits the photothermal property of gold nanorods (GNRs) to provide the heat needed for thermocycling between set temperatures from denaturation to annealing and final to elongation during PCR reaction. When excited with light at their resonance wavelength, gold nanoparticles produce an oscillating electric dipole. The energy generated from this oscillation is dissipated through ohmic heating losses to rapidly raise the temperature of the surrounding medium. [11] [12] [13] Thus, each GNR is exploited as a nano-heater to heat the PCR solution. Previous work has shown that although it is possible to achieve thermocycling with both direct and indirect contact of nanoparticles with PCR mixture, it is preferable to use the direct contact method because of the benefit of improved heating efficiency that it offers. 7 The heating efficiency of the GNRs depends on their aspect ratio. Equation (1) models the heating effect of a colloidal solution of nanoparticles.
14 The equation also shows how the concentration of nanoparticles in the solution affects the heating efficiency of the nanoparticles. Where = ℇ is the absorbance, is the mass of the solution, is the specific heat capacity of the solution, is the solution temperature, is time, is the power of the incident laser, ℇ is the molar absorption coefficient, ℇ is the molar extinction coefficient, is the power conversion efficiency of the nanoparticles, ℎ is the heat transfer coefficient between the solution and surrounding, is the surface area separating the solution from the surrounding, and is the ambient temperature. Equation (2) shows the steady state solution for equation (1) given a fixed laser output power.
The plasmonic thermocycling part is made up of an 808 nm (5000 mW) LRD-0808 collimated diode laser system purchased from Laserglow Technology. The laser is set to operate at 2 W and the collimated beam from the laser is focused onto a 0.2 ml thin wall PCR strip tube with a Thorlabs' LA1951-B-ML N-BK7 plano-convex lens with 25.4 mm focal length and 25.4 mm diameter. The focused beam diameter is adjusted to cover the area of the PCR strip tube containing the PCR mix and gold nanorod solution for effective power control and efficient heating for optimal PCR product. A 12V DC brushless fan from Digi-Key Electronics connected to 5VDC relay (SRD-05VDC-SL-C) is used to provide cooling for the PCR system. An infra-red thermometer from Optris, placed 10 mm from the PCR strip tube is used to record the temperature of the PCR and gold nanorod solution. The light from the heating laser is used to excite the gold nanorods since the wavelength of the incident light is the same as the longitudinal resonance wavelength of the gold nanorods in the solution. This causes the GNRs to generate the heat needed for thermocycling.
The rate of energy transfer to the nanoparticle and consequently the temperature of the PCR reaction mixture can be controlled by varying the intensity of the 808 nm laser beam and the exposure time of the nanoparticles to the beam. Hence, rapid thermocycling between different set temperatures is achieved by the excitation of GNRs in the reaction mixture through controlled pulsing of the 808 nm laser, accompanied by a cooling system. The detection part of the plasmonic PCR system consists of a 10 mW, 670 nm laser diode that provides the light used to probe the PCR -GNRs solution. The wavelength of light is so chosen to exploit the lowest absorbance point between the transverse and longitudinal resonances of the 808 nm gold nanorods for sensing. 7 The probe laser is powered from a constant current source to keep the output power of the laser constant over the period of the PCR cycle. An optical shortpass filter (FES0750) with 750 nm cut-off wavelength is used to filter out noise from wavelengths of light other than 670 nm. This includes noise from the heating laser and other light sources in the surrounding. The filtered light is then focused onto a PDA34 silicon amplified photodetector used to measure the transmitted light through the solution, on the opposite end of the PCR strip tube. The output from the photodetector is connected to a SR830 DSP lock-in amplifier (Stanford Research Systems) modulated by a sine wave at 1000 Hz to further filter out noise. The laser/photodetector system and the heating laser system were aligned 90 degrees to each other on a 3D plastic holder as shown in figure 1 . Apart from the heating laser, all other components were purchased from Thorlabs.
The control part of the system is handled by a programmed Arduino Due microcontroller which provides the digital proportional control used to: modulate the heating laser, control the fan, keep track of the temperature of the PCR solution from the IR thermometer during the thermocycling process and record the transmission signal from the lock-in amplifier in real-time. The output data of the Arduino Due which consists of time, temperature, cycle number, and transmission output from the lock-in amplifier is then recorded and displayed via the serial monitor of the microcontroller.
Choice of Gold Nanorods
As predicted by Gan's theory, gold nanorods which are commonly treated as ellipsoids, given a fixed geometric parameter, show a redshift in the resonance wavelength of the longitudinal mode in a medium with increasing dielectric constant. 15 GNRs have both lateral and axial dimensions that give rise to corresponding transverse and longitudinal plasmon resonance wavelengths. They also have greater extinction coefficients than gold nanospheres and they produce more heating power per unit of laser power incident on the nanoparticles. These properties make GNRs more preferred choice to gold nanospheres in simple, fast and sensitive LSPR biosensing application.
To optimize the heating efficiency of the GNRs used in thermocycling, it is important to consider its aspect ratio. The maximum absorption of the longitudinal plasmon wavelength of GNR shows a linear dependence on its aspect ratio (defined as the longitudinal axis divided by the diameter in nanometer). 15 As such GNR with smaller diameter and a corresponding higher aspect ratio would provide better heating efficiency than that with larger diameter or a lower aspect ratio. Hence, by using GNR with a larger absorption cross-section and a corresponding high extinction coefficient, the heating efficiency is maximized.
In this work, we used GNRs modified with polyethylene glycol (PEG) to prevent the inhibition of a positive active site of polymerase class enzymes. The PEG-GNRs can be used as generic heaters irrespective of the type of polymerase, size of the DNA template or the type of DNA template. The PEG-GNRs have 808 nm longitudinal resonance wavelength, 513 nm transverse wavelength, 78 nM concentration, 9.8 × 10 8 −1 −1 Molar Extinction, 4.1 aspect ratio (10 nm diameter and 41 nm length) purchased from Nanopartz.
EXPERIMENTAL SECTION

Investigating potential inhibition of PEG-GNRs to PCR
The concern that polymerases are known to interact with gold nanoparticles by electrostatic adsorption to the surface of the particle thereby blocking the active site and preventing DNA polymerization, informed our investigation of the potential inhibition of PEG-GNRs to PCR reaction. The aim was to determine the concentration required for optimum heating and non-inhibition of PCR. A dilution series was prepared from the stock PEG-GNRs by replacing water with increasing volumes of gold nanoparticles in aqueous solution. Each PCR mixtures contains increasing concentration of GNRs. Eppendorf thermocycler was used to perform the PCR reactions.
Dilution series from 1 nM to 100 nM of stock concentration of functionalized (PEG) GNRs was prepared. In a total volume of 20 µl PCR reaction, 9 µl of PEG-GNRs were added to the mixture. A control PCR without PEG-GNR was also performed. As shown in figure 2, results from 1% agarose gel electrophoresis shows that extreme concentration of PEGGNRs (greater than 50 nM) would be inhibitory to PCR reaction. 
Plasmonic PCRs Using PEG-GNRs
After the inhibitory concentration of PEG-GNRs was determined, experiments were carried out using PEG-GNRs in our plasmonic PCR system. The PEG-GNRs and PCR reaction mixture was placed within a 0.2 ml thin wall PCR strip tube. The mixture was covered with 50 µl of mineral oil and capped to prevent evaporation. The constituents of the PCR reaction mixture are as shown in table 1. The final volume of the PEG-GNRs and PCR mixture is 20 µl. The PCR strip tube containing a total volume of 70 µl both of mineral oil, PEG-GNR and PCR mix is placed in the plasmonic PCR platform for thermocycling. 
Total Total 20
The temperature for each stage of the reaction and the time to maintain each set temperature are set via the Arduino microcontroller graphical interface. A USB link transmits the information from the microcontroller to the computer. A negative feedback control system is established with the help of the set temperature and time to actuate the cooling fan and dynamically pulse the heating laser depending on the temperature required and the stage of the reaction cycle. The temperature curve shows a good stability during plasmonic thermocycling. The denaturation (85.0 ± 0.11ºC), annealing (60.0 ± 0.09ºC), and elongation (72.0 ± 0.13ºC) shows an overall accuracy of 0.1ºC. Figure 3 . Thermocycling temperature curve for 30 cycles Figure 3 shows the thermocycling achieved through plasmonic heating. It took just over 10 minutes of the total reaction time to complete a PCR reaction experiment. Following the temperature curve, the reaction process can be understood. First, the temperature of the PCR mixture was raised from room temperature to 85.0ºC to allow for denaturation of DNA for 30 seconds. This is the hot-start stage. Apart from this first denaturation stage otherwise known as the hot-start phase, subsequent denaturation stages were allowed for just 1 second. Once the denaturation phase is completed, the heating laser is turned off and the fan is activated to allow for the cooling of the PCR mixture. Hence, the temperature of the PCR mix is lowered to 60.0ºC at the annealing stage. This temperature is held at this stage for 5 seconds by pulsing the heating laser Thermocycling Temperature Curve to compensate for the temperature difference through the feedback system of the microcontroller. After the annealing stage is completed, the elongation phase sets in and the fan is turned off. The laser is turned on and the nanoparticles heat up the PCR solution from the annealing temperature to 72.0ºC which is the elongation temperature. At this point, the temperature is held for 1 second by pulsing the laser as described for the annealing phase above. The process is repeated for 30 cycles.
Figure 4. Gel electrophoresis result for plasmonic PCR
The product of the PCR is separated on a 1.5% agarose gel by electrophoresis. Figure 4 shows the picture of the gel result. Lane 1 contains the size marker and lane 2 is the negative control without DNA while lane 3 and 4 contain positive controls. The gel result of the PCR reaction produced by our plasmonic system shows a very robust product comparable to those of conventional PCR machines.
Real-time monitoring of DNA amplification
To detect DNA amplification, the reaction mixture was irradiated with a probe laser light beam with 670 nm wavelength. This wavelength was chosen to be different from the resonant wavelength to isolate the spectral impact of the probe laser from the photothermal properties of the nanoparticles at the resonant wavelength. Since GNRs were used, the longitudinal resonance wavelength (808 nm) of the nanoparticle is exploited for heating while a wavelength (670 nm) between the transverse and longitudinal resonance wavelengths was chosen for monitoring. Figure 5 shows the temperature and transmission curve for a PCR experiment from our plasmonic PCR machine.
RESULTS AND DISCUSSION
In this section, we present and discus some of the results obtained from our plasmonic PCR.
DNA concentration versus transmitted light intensity
A simple experiment to determine how the intensity of the transmitted light varies with the concentration of DNA was carried out. In this experiment, 2 µl of 4.5 × 10 6 copies/µl of genomic DNA was mixed with 8 µl of 2.5 nM of PEG-GNRs in a PCR strip tube and the transmitted light through the solution was monitored through the photodetector and lock-in amplifier detection part of the plasmonic PCR system. The genomic DNA was diluted to different fractions of the initial concentration in a PEG-GNRs solutions and the transmission signals were recorded. To avoid reading errors arising from measuring from different sides of the PCR strip tube, the experiment was carried out in one tube without replacement. The dilution of the DNA with different concentrations was done in the same tube without moving it. This was done to mimic real PCR except that other components of PCR apart from DNA were not present in the solution. The equation predicts that there would be a 0.24% increase in the transmission signal for every 100 copies of genomic DNA replicated. This means that since PCR is an exponential process and taking into account the 1 mV noise level of our detection system, our plasmonic PCR system should be capable of detecting 10,000 copies of DNA during amplification in real-time if using transmittance changes alone. 
Amplitude monitoring of plasmonic PCR product
The measurement of transmission is however complicated by the fact that the absorption of the GNR PCR solution also changes during heating due to the changing refractive index of the solution. To investigate the difference between the transmission signals from positive and negative PCRs during the heating process, the transmission at the end of the denaturation and annealing stages were recorded separately for a period of 40 mS and the average for each cycle was taken. At this point, the heating laser and the cooling fan were turned off except the probe laser and lock-in amplifier detection system. The rationale was to eliminate errors in the transmission signal resulting from interference with the heating laser and the cooling fan. Figure 7 shows the section of the transmission curve extracted after denaturation and annealing. The ratio of the transmission immediately after denaturation to the transmission immediately after annealing was computed for each cycle. Figure 8 shows a plot of these ratios against the number of cycles. Figure 7 . Section of the temperature versus transmission curve extracted for denaturation and annealing signal analysis The slope of the curves for different PCR experiments were computed for negative and positive PCRs of varying concentrations. Figure 9 shows a box and whisker plot of the results obtained from the computations. The average slope of the transmission curve was computed for the different experiments. Results obtained suggest that PCR experiments with average slopes greater than 0.0015 would be positive. This means that if the ratio of the transmission just after denaturation to the transmission just after annealing increases by a factor greater than 0.0015 for each cycle then, it would most likely be a positive PCR product otherwise, it is a negative PCR. Although this approach could distinguish between negative and positive PCRs, it could not discriminate between the different starting concentrations.
Phase shift monitoring of plasmonic PCR product
The effect of temperature on the amplicon and hence, the optical properties of the nanoparticles informed our investigation of the relationship between the temperature and transmission curve for different PCRs. This was done by considering the time (herein referred to as 'phase shift' for convenience) between the maximum of the fitted temperature curve and the minimum of the corresponding transmission curve. As an example, figures 10 and 11 show sections of the temperature and transmission curves of cycle 10 for positive and negative PCRs used in our analysis. A polynomial curve fit was obtained for each temperature and transmission data. The time taken to attain maximum temperature and the corresponding transmission signal were extracted from the data. The time difference for different cycle number was recorded. Figure 12 shows a plot of the 'phase shift' between the temperature curve and the transmission curve against the cycle number for each PCR experiment. The graph shows a profound difference between the positive and negative PCRs starting from cycle 10 to cycle 20. 
Phase shift logistic function modeling
To further investigate the trend between negative and positive PCRs of varying concentrations, we modelled the phased shift data using logistic function. Although logistic function otherwise known as "S" shaped curve or sigmoid curve was primarily developed to model population growth, it can be extended to model S-shaped curves for which our plot of phase shift versus cycle number depicts. The function is commonly represented by the following equation:
where t0 is the symmetric inflection point or the t-value of the sigmoid's midpoint, L is the curve's maximum value or saturation point or the value as t tends to infinity, and α is the time decay constant or steepness of the curve. For different PCR experiments, we extracted the phase shift data and did a logistic curve fit as shown in figure 13 . The difference between positive and negative PCR was determined by comparing the symmetric inflection point and the time decay constant for each phase shift sigmoid curve. This is shown in figure 14 . For positive PCR, higher concentration of DNA tends to have lower inflection point compared to lower concentrations of DNA. The dividing line and the minimum negative inflection points are arbitrary points we have set for better understanding and discrimination purposes. Although the result shows a poor discrimination for 1000 copies of genomic DNA, our system is able to discriminate between positive and PCRs with starting concentration of 10,000 copies and greater. This is comparable to most commercial PCR systems which require more than 10^4 copies.
It is important to note that apart from the concentration of DNA, the temperature of the nanoparticles in the mix has some effect on their absorption. Previous research found a broadening of the plasmon band accompanied with a decrease in intensity and a slight red-shift of the maximum when the temperature is varied from 196 to 514 degrees Celsius for gold nanoparticles of 12 nm diameter in a glass matrix. 16, 17 Apparently, this effect is negligible over a small range of temperature, considering that the observed change over such a wide range of temperature are much smaller than expected. According to Doremus', the overall spectrum of the nanoparticle changes because of the decrease in the concentration of electron, which determines the plasmon frequency with increasing temperature. It was concluded that the temperature has to be raised by several hundred degrees in order to record significant broadening in the plasmon bandwidth. 18 Since the temperature range for our plasmonic system is small compared to previous reports, it is unlikely that it would have any significant effect on the plasmon band of the nanoparticles and hence, on our detection system. Notwithstanding, high temperature impacts amplicons produced during PCR process since it denatures double stranded DNA (dsDNA) to single stranded DNA (ssDNA) during the denaturation stage. Considering that the electrostatic interaction between gold and ssDNA is stronger compared to the electrostatic interaction between gold nanoparticles and dsDNA, ssDNA will adsorb to the gold nanoparticles while dsDNA will not. This is because the ssDNA is flexible enough to partially coil its bases hence, they can be exposed to the gold nanoparticles. 19 It is therefore expected that the optical properties of the gold nanoparticles would change in accordance with the amount of ssDNA that adsorbs to the nanoparticles which in turn would depend on the level of amplicon produced during PCR. Based on this, we have chosen to carryout detection at the denaturation stage where we expect more ssDNA with increasing number of cycles. Going by the rationale behind melting curve analysis, we can distinguish between real PCR product and primer dimer formation at this melting temperature. This means improvement in specificity of our plasmonic PCR machine over other commercial PCR machines.
CONCLUSION AND FUTURE WORK
We have demonstrated a label-free plasmonic PCR system that can analyze and detect DNA as low as 10,000 genome copies using phase shift monitoring in real-time. Our PCR system is comparable to many conventional PCR systems with similar limits of detection. Moreover, it offers better advantages in terms of cost, speed and high throughput. Our system permits continuous monitoring of PCR reaction unlike label-based PCR systems that only provide endpoint readout. The risk associated with the use of isotope-labels are eliminated in our system since no label is required. Also, the amount of labor required in sample preparation common with most label-based conventional PCR machines is reduced making the process less complicated. Our system utilizes standard PCR tubes to quantify amplicon production in real time. The components used in the optical design of our system do not require the usual complicated process of fabrication associated with most conventional PCR systems. It is also easy to scale our system hence, our system can be effectively utilized as a POC diagnostic device. As such, our plasmonic PCR system can be easily deployed in developing countries to help combat the spread of disease among its many uses. The plasmonic PCR system described in this work is a one channel system, which means only one PCR reaction can be carried out at a time. This increases the time required to run several PCR reactions. This poses a major limitation in clinical application where several samples of PCR are required for diagnostic purposes. This can be improved by incorporating a multi-channel heating and sensing platform. One way to achieve this would be the splitting of a high-power laser beam into low-power beamlets for thermocycling. The 808 nm edge emitting semiconductor laser used in this work can be replaced with a vertical-cavity surface-emitting laser (VCSEL) for the purpose of scaling down the PCR system and for better heating and sensing efficiency. An alternative sensing method involving the use of another nanoparticle along with the 808 nm PEG-GNRs as optical sensor can be employed in future work.
